Twenty-one patients without demonstrable coronary artery disease have been studied in the first 48 hours after aortic or mitral valve replacement to determine the possible contribution of abnormalities of left ventricular myocardial blood flow and oxygen consumption to the impaired cardiac performance which is sometimes evident in such patients. In the 14 patients making an uneventful recovery (group A), the mean value for left ventricular coronary blood flow (Kety-Schmidt method) in each study period was between 105.9 and 111.2 ml.minw-'100 g-', and myocardial oxygen consumption between 11.1 and 12.7 ml.min'-*100
g-', both being higher than in normal resting man. Oxygen extraction was 59 to 69%, and coronary sinus oxygen tension 23 to 29 mm Hg. Lactate extraction was normal. Five patients (group B) required pharmacologic support because of low cardiac output; all had undergone mitral valve replacement. In them, left ventricular coronary blood flow and oxygen consumption were the same as in group A; however, oxygen extraction was greater (68 to 79%), coronary sinus oxygen tension lower (22 to 24 mm Hg) and lactate extraction lower. Patients in group A who underwent mitral replacement (N = 4) had systemic and coronary hemodynamics and metabolism that were as satisfactory as those undergoing aortic replacement, except that left atrial pressure was higher in the first study period. When heart rate was increased from 100 to 128 beats/minute by pacing in five patients in group A, and in two additional patients, myocardial oxygen consumption increased significantly, but in four patients coronary blood flow failed to increase, oxygen extraction increased, and coronary sinus oxygen levels decreased. We conclude that in patients such as those we studied, low cardiac output postoperatively is not the result of low total left ventricular coronary blood flow or myocardial oxygen supply, but may occur in some of these patients at this time from low or absent coronary reserve and added stresses such as those from tachycardia may be met only with the potentially detrimental mechanism of increasing oxygen extraction and reducing coronary venous and myocardial oxygen levels.
Additional Indexing Words: Coronary blood flow
Low cardiac output Cardiopulmonary bypass FOLLOWING OPEN INTRACARDIAC OPERA-TIONS, some patients show a low cardiac output even after optimizing heart rate, preload, and afterload, and after infusing catecholamines. Decreased myocardial contractility and/or distensibility is generally considered to be the cause of the low output, but the precise explanation for this abnormal myocardial function early postoperatively has not been at hand. From Abnormalities of coronary blood flow during this time might be the etiology of the low cardiac output. Data in regard to this are incomplete and confusing. Mueller et al. have reported decreased coronary blood flow and cardiac index on the day after operation in patients undergoing operations on the mitral valve." 2 No data are presented relative to myocardial oxygen demand. Moffitt et al.36 studied the arterial-coronary sinus gradients of a number of substances following valve replacement, but made no measurements of coronary blood flow or myocardial oxygen supply or demand. In their patients dying of cardiogenic shock within 24 hours of operation, the coronary sinus blood oxygen tension was lower than in surviving patients but still within the range found in normal resting man.
We wished to study further the possibility that abnormalities of myocardial blood flow and oxygen supply develop early after operation and contribute to the sometimes severe impairment of cardiac performance. Accordingly, we have measured left ven-tricular myocardial blood flow, oxygen consumption, and metabolism as well as atrial and arterial pressures, cardiac index, and total body oxygen consumption in adult patients in the first 48 hours after mitral and/or aortic valve replacement. In seven patients the response to pacing-induced tachycardia was measured.
Methods
Twenty-one patients were studied. Twelve had undergone aortic valve replacement, and nine, mitral replacement. (One (patient 18) had both aortic and mitral replacement) (table 1). No patient was known to have coronary artery disease. Fourteen patients had an uneventful recovery and did not require pharmacological support during the postoperative period. They are combined into group A. Five patients (group B) had low cardiac output in the early postoperative period requiring an intravenous infusion of either catecholamines (isoproterenol, epinephrine, or Lnorepinephrine) or trimethaphan (to reduce left ventricular afterload). Usually, the infusions were started during or early after operation, before study period 1, and discontinued after study period 2. Two additional patients were observed only during the pacing study in period 2, and they are not included in the data for groups A and B. All patients received blood infusion to prevent left atrial pressure from falling below about 12 mm Hg.
The surgical technique for aortic valve replacement employed either coronary perfusion (right and left) or a period of elective anoxic arrest. In the latter, the myocardium was protected by perfusing it (and the whole body) for several minutes with blood at 150 C prior to cross-clamping the aorta. Thereafter whole body perfusion at 280 C was resumed. For mitral valve replacement several 15 to 20 minute periods of elective ischemic arrest were used with the perfusate temperature at 28°C. The cardiopulmonary bypass technique utilized hemodilution, the Temptrol bubble oxygenator and blood flow rates of 2.2 l.min`'m 2, Braunwald-Cutter valves were used in 17 patients and Starr-Edwards (models 2320, 6320) in the remaining two.
Prior to the surgical procedure, a 24 inch catheter was inserted into the brachial artery and passed to the arch of the aorta. After the period of cardiopulmonary bypass, an identical catheter was inserted directly into the right atrium, advanced into the coronary sinus, and its tip positioned near the left border of the heart.7 Two pairs of sideholes had been punched near its tip. The catheter is assumed to sample left ventricular coronary venous blood almost exclusively. Vinyl catheters (0.028 inches internal diameter) were also placed in the right and left atria and pulmonary artery. The catheters were kept patent postoperatively with a continuous microinfusion technique. Two atrial and one ventricular epicardial pacing electrodes were inserted. These devices were used as usual for patient management, as well as for the study.
Studies were carried out on four occasions: two to four hours following surgery (period 1), on the morning and afternoon of the first postoperative day (periods 2 and 3), and on the morning of the second postoperative day (period 4). In five patients of Group A and in the two additional patients convalescing normally, during period 2, another set of observations was made 20 minutes after the control observation, during which time heart rate had been increased to about 130 beats/minute by atrial pacing.
At each study the heart rate, electrocardiogram, mean right and left atrial and phasic aortic pressures (Statham strain-gauges, series P23d) were recorded at a paper speed of 25 mm/second. Tension-time index (TTI in mm Hg.sec.min-') was obtained by planimetry of the arterial pressure pulse.8 Diastolic pressure time index (DPTI) was similarly obtained from the area between arterial and left atrial diastolic pressure.9 Cardiac output was measured in duplicate using the indicator dilution method with indocyanine green dye injected into the right atrium and sampled in the pulmonary artery. For calibration, standard dilutions of zero and 12.5 mg.l' indocyanine green were prepared with the patient's own blood. Standard error of duplicate estimations of cardiac index was 0.18 lmin-'m-2.
We measured left ventricular coronary blood flow in duplicate by the Kety-Schmidt principle,10 using`1Iiodoantipyrine as the diffusible indicator after the method originally described by Krasnow et al.`A detailed description and validation of this method of coronary blood flow measurement in normal dogs has been reported by us.12 lodoantipyrine was constantly infused into the left atrium for three minutes using a Gilford pump, and simultaneously samples were withdrawn from both the aorta and coronary sinus. These were collected in 15 second aliquots and counted for radioactivity in an Autowell II, Picker scintillation counter. The infusate for each estimation consisted of a fresh solution of 10 mg of antipyrine (12.5 ,uCi) in 25 cc of normal saline. Heart rate, atrial, and arterial pressures were constant during each three-minute infusion period. Only data which conformed to the exponential function of successively sampled arterio-venous differences were used. Data beyond the point at which the arterio-venous difference had diminished to less than 15% of the arterial count were not used. The standard error of duplicate estimations of left ventricular coronary blood flow was 8.4
cc.min-'.100 g`l.
Blood samples were withdrawn from the arterial, coronary sinus and pulmonary artery catheters. Oxygen and carbon dioxide tension and pH were measured at 370 C by the appropriate electrodes. Oxygen contents were estimated in duplicate using a Lexington oxygen content analyzer. The standard error of duplicate estimations of oxygen content was 0.2 ml%. The difference between pulmonary arterial and coronary sinus oxygen tension was used at each estimation to confirm the position of the coronary sinus catheter. The mean difference was 11.00 mm Hg. Two studies were abandoned as a small difference suggested that the coronary sinus catheter had been displaced into the right atrium.
We calculated total body oxygen consumption, coronary vascular resistance, myocardial oxygen consumption, and percent myocardial oxygen extraction.
Lactates and pyruvates in the blood samples were estimated spectrophotometrically using the enzymatic method of Marbach and Wells"3 and a Beckman DU spectrophotometer. The standard error of estimations of a standard solution was 0.026 mM.L`for lactate and 0.012 mM.L-' for pyruvate. The standard error for duplicate estimations was 0.073 mM.L`for lactates and 0.006 mML'1 for pyruvates. Blood withdrawn for the studies was replaced by transfusion of banked blood in whole or in part as required.
Changes occurring between studies and probability of differences within group A or B were analyzed by a paired ttest. Probabilities of differences between groups A and B at any study, and differences between patients undergoing mitral replacement and those undergoing aortic replacement were analyzed using the unpaired t-test. Mean values in the tables and in portions of the text are accompanied by + 1 standard error of the mean. Permission to carry out this study was granted by the Human Use Committee of the Medical Center of the University of Alabama in Birmingham. With respect of the iodoantipyrine, the study was approved by the Food and Drug Administration of the Department of Health, Education and Welfare (IND 8696; March 23, 1972) .
Results
Complete results were obtained for all patients except one in group B who died 36 hours after operation.
The values for heart rate, right and left atrial and systolic and diastolic aortic pressures, cardiac index, stroke index, tension-time index, and total body oxygen consumption for each of the four study periods are given in table 2. In group A these parameters were similar throughout the study except for falls in systolic arterial pressure (P < 0.005) and tension-time index (P < 0.005) in the third and fourth study periods. In Group B mean cardiac index ranged between 1.17 -1.85 L.min-*m`and mean left atrial pressures varied between 16 and 20 mm Hg, both of which were significantly different from group A. Total body oxygen consumption was significantly lower in group B during study 1. Cardiac index in Group B increased (P < 0.01) following the first study, but remained less than in group A. The lowest mean value for the DPTI/TTI for any group at any study period was 1.3 (group A: study 1). The patient who died on postoperative day 2 had DPTI/TTI of 0.6, 1.1, and 0.8 at study period 1, 2, and 3 respectively. Other than this, the lowest value for an individual patient was 0.9.
Myocardial hemodynamics and oxygen consumption are given in table 3 for each of the four study periods. In both groups A and B, left ventricular coronary blood flow was similar and larger than in normal resting man (normal being 70 to 85 cc.min '.100 g~'), as was myocardial oxygen consumption (normal 8 to 10 cc-min-'.100 g-'). The ratio of myocardial oxygen consumption to tension-time index was high in both groups (normal 40 X 10-3),14 but was greater in group B in the first two studies. Coronary vascular resistance was similar in the two groups, but lower than normal (normal > 100 dynes.se.cm-'.10-'.100 g-1).15 Myocardial oxygen extraction was greater in group B during Circtulation, Volume XLIX, May 1974 studies 1, 2, and 3, but tended to be less than normal in both groups (normal 67-75%).`f Correspondingly, coronary sinus oxygen tension was higher than normal (normal 18-20 mm Hg),16 but lower in group B than in group A during studies 2 and 3.
The values for arterial lactate and pyruvate and myocardial extraction and utilization of lactate and pyruvate are given in table 4 . In both groups arterial lactate was high immediately after operation. In group A these levels had returned to normal (about 1 mM.L-') by the next day, but in Group B they fell slowly and the mean was 3.15 mM.L`at the final study. In group A myocardial extraction of lactate was within the normal range throughout the study; in group B the extraction of lactate remained significantly lower until the fourth study period. The findings with pyruvate are similar.
When in seven patients during period 2, mean heart rate was increased from 100 to 128 beats/min by atrial pacing, left ventricular myocardial oxygen consumption increased significantly (table 5). Three patients had increased coronary blood flow with pacinginduced tachycardia, and cardiac output rose with pacing in these three. In four patients myocardial oxygen extraction increased and coronary blood flow either decreased or showed little change; cardiac output fell with pacing in these four patients (fig. 1 ).
Five of the nine patients in whom mitral valve All values are meanone standard error. Probability by unpaired t-testing between groups A and B at each study period. Group A: N = 14. Group B: N = 5. NS = not significant (P > 0.05).
Circtulation, Volume XLIX, May 1974 replacement was part of the operation required treatment for low cardiac output postoperatively (were in group B). No patient undergoing isolated aortic valve replacement was in group B. In Group A, the four patients (no's 11, 12, 13, 14) who underwent mitral valve replacement showed no significant differences in the mean value of any parameters at any study period from those of the ten who underwent aortic replacement except as shown in table 6. When we compared the patients who underwent mitral replacement in group A (N = 4) with those in group B (N = 5), we found no significant differences in the mean values of any parameters at any study period except cardiac index, period 1 (2.40 ± 0.24 for those in group A, 1.17 ± 0.22 group B, P < 0.005) and cardiac index, period 4 (2.54 ± 0.23 group A, 1.45 + 0.10 group B, P < 0.025).
Discussion Methods
We have validated the Kety-Schmidt method of measuring coronary blood flow using iodoantipyrine as the indicator in normal dog hearts.'2 However the method has not been validated in abnormal human myocardium, nor has any other method of myocardial blood flow measurement. Important assumptions include constancy of flow during the period of infusion and sampling,'7 18 homogeneous transmural as well as regional flow,10 17 a uniform partition coefficient for antipyrine,'0' 17 well-mixed representative coronary sinus sampling,2' 19 and no arteriovenous shunts.2 17 Observation of stable heart rate, atrial and arterial pressures during the short period of infusion, and sampling was taken as an indirect indication that left ventricular coronary blood flow remained constant during the three minute period. We have no reason to believe that arteriovenous shunts are present in the myocardium following cardiopulmonary bypass in man. Recent work in normal lamb hearts using radioactive microspheres of 7 g mean diameter indicates that less than 4% reached the venous circulation.20 Less than 1% of 15 g diameter spheres pass through normal dog hearts.2' In these animals significant myocardial arteriovenous shunting was not occurring.
The most important assumption in the context of this study is that of homogeneous perfusion. Blood flow to the normal dog heart is distributed uniformly,22 but in at least some circumstances following cardiopulmonary bypass areas of myocardium may for a time be regionally underperfused.2325 Measurement of left ventricular blood flow by this technique, if there is regional underperfusion, would reflect the well perfused area and would be spuriously high.2 19 Coronary sinus samples would be weighted in favor of the well perfused areas as the efflux from malperfused regions would be relatively small in amount. 26 In derived parameters based on left ventricular blood flow or coronary vascular resistance errors would be present. Thus it is possible that the apparent differences from normal of left ventricular coronary All values are mean = one standard error. Probability by unpaired t-testing between groups A and B at each study period. Group A: N = 14. Group B: N = 5. NS not significant (P > 0.05). blood flow, myocardial oxygen consumption, coronary vascular resistance, coronary sinus oxygen tension, and myocardial oxygen extraction observed in this study might occur largely as a result of invalidation of the techniques by nonhomogeneous left ventricular perfusion. However, although regional underperfusion could be present during study 1 a few hours after operation, it is unlikely that it persists to a significant degree thereafter in surviving patients since there were no other evidences of myocardial ischemia.
Results
Systemic pressures and flows were similar to those reported previously, and define the hemodynamic state of the patients studied.27130 The elevated left atrial pressure in group B as compared to group A, in view of low right atrial pressures and presumably normal atrioventricular valves and similar right and left ventricular stroke volumes in each patient, indicates left ventricular dysfunction.
Throughout the study and in both groups (A and B) of patients, left ventricular myocardial oxygen consumption, and coronary blood flow were elevated above that observed in resting persons with hypertrophied or failing hearts.3135 These findings are different from those of Mueller et al.1 2 who found decreased myocardial oxygen consumption (7.46 ml.min-1.100 g-1) and coronary blood flow (67 ml.min-1.100 mg-1) at a time comparable to that of our study 2. We cannot explain this discrepancy. We did not find low coronary blood flow in patients in group A or B undergoing mitral valve replacement, again in contrast to Mueller et al.2 Those in group B were of course under treatment. In fact, in Group A the patients who underwent mitral replacement had systemic and coronary hemodynamics and metabolism that were at least as satisfactory as those of patients who underwent aortic replacement, except that left atrial pressure was higher in period 1. We believe that oxygen consumption was proportional to need in our patients in both groups A and B, since the ratio of myocardial oxygen consumption to tensiontime index was high. (This conclusion would be in-validated if left ventricular dimensions, and thus systolic wall stress, or contractility were greater than assumed.) In group A the higher myocardial blood flow and oxygen consumption in the mitral valve patients was most likely due to a higher wall stress and hence oxygen demand because of higher preload. This is not reflected in the tension-time index. We conclude that, within this group of patients at least, low cardiac output was not the result of low total left ventricular coronary blood flow or myocardial oxygen supply or consumption.
We recognize that we have no data directly concerned with possible abnormalities of distribution of coronary blood flow. However, the DPTI/TTI was 0.9 or greater in all surviving patients, and the mean value for each study period was greater than 1.3 for both groups A and B. In the dog, subendocardial ischemia is not present when DPTI/TTI is greater than 0.6 to 0.89; however these values may be different for hypertrophied myocardium in man.
The patients in this study accomplished left ventricular myocardial oxygen delivery by a high coronary blood flow, and a relatively low oxygen extraction, resulting in a high coronary sinus blood oxygen tension. Mueller and Moffitt and their associates also found relatively high coronary sinus blood oxygen levels, except in dying patients.1 2, 6 Oxygen extraction was greater and coronary sinus blood oxygen tension lower in the patients with low cardiac output (group B), which was probably the result of an increased oxygen demand generated by their basic hemodynamic state or by the pharmacologic interventions they were receiving as treatment. This finding indicates their ability to increase oxygen extraction, in response to increased need. Also, patients whose coronary blood flow did not increase in response to pacing-induced tachycardia were able to increase oxygen extraction.
Four of seven patients studied had an abnormal response to pacing-induced tachycardia in that they did not increase coronary blood flow. We conclude that some patients early after intracardiac surgery, although maintaining a normal or slightly increased Circtulation, volume XLIX, May 1974 left ventricular myocardial blood flow, may have little or no coronary vascular reserve and therefore cannot increase coronary blood flow in response to the added stress of tachycardia. Oxygen extraction then increases in response to such stress, with a decrease in coronary venous and myocardial oxygen levels. The resultant hypoxia probably further depresses cardiac performance. Mueller and associates have shown that at least some patients early postoperatively do show an increase in coronary blood flow in response to the infusion of isoproterenol. 1 The lower lactate and pyruvate extraction in group B during periods 2 and 3 may have been related to higher arterial blood levels of these substances, secondary to low systemic blood flow. Myocardial lactate and pyruvate consumption were higher in group B than in group A only during period 1. This suggests that regional anerobic metabolism, and thus possibly regional underperfusion, was present only on the day of operation in surviving patients.
Taken all together, the data suggest that poor left ventricular performance early after intracardiac operations, in patients without demonstrable coronary artery disease, is usually not the result of inadequate coronary blood flow or oxygen delivery or consumption. However, some patients may be using maximal coronary reserve (vasodilation) to accomplish an adequate coronary blood flow early postoperatively, and can meet increased myocardial oxygen demands, from tachycardia for example, only by increasing oxygen extraction and decreasing coronary sinus and myocardial oxygen levels. Therefore in such patients increased myocardial oxygen demands must be avoided and coronary perfusion pressure maintained. 
